Abstract: This study investigates the effect of delay in compaction on the optimum moisture content and the mechanical propertie s (i.e., compressive strength, ultrasonic pulse velocity, splitting tensile strength, and modulus of elasticity) of roller-compacted concrete pavement (RCCP) made of electric arc furnace (EAF) slag aggregate. EAF slag with size in the range of 4.75-19 mm was used to replace natural coarse aggregate in RCCP mixtures. A new mixing method was proposed for RCCP using EAF slag aggregate. The optimum moisture content of RCCP mixtures in this study was determined by a soil compaction method. The Proctor test assessed the optimum moisture content of mixtures at various time after mixing completion (i.e., 0, 15, 30, 60, and 90 min). Then, the effect of delay in compaction on the mechanical properties of RCCP mixtures at 28 days of age containing EAF slag aggregate was studied. The results presented that the negative effect on water content in the mixture caused by the higher water absorption characteristic of EAF slag was mitigated by the new mixing method. The optimum water content and maximum dry density of RCCP experience almost no effect from the delay in compaction. The compressive strength and splitting tensile strength of RCCP using EAF slag aggregate fulfilled the strength requirements for pavement with 90 min of delay in compaction.
Introduction
Electric arc furnace (EAF) slag is a by-product of steel production, which is generated during the manufacture of crude steel by the electric arc furnace process. The output of EAF slag was estimated at about 15-20% of crude steel production. Total world production of crude steel reached approximately 1560, 1650, and 1670 million tons in 2012, 2013, and 2014, respectively [1] , leading to a huge quantity of EAF slag being produced every year. The use of EAF slag as a natural aggregate replacement in concrete has attracted much research over the last years [2] [3] [4] [5] , because the recycling of EAF slag has reduced the consumption of natural aggregates and the environmental impacts such as those due to a lack of waste storage areas and the pollution of soil. Many research works have demonstrated that natural aggregates in many types of concrete can be replaced by EAF slag. For example, Manso et al. [2] indicated that EAF slag aggregate created good concrete in terms of mechanical properties. Adegologe et al. [3] presented the findings that concrete made using EAF slag aggregate slightly improved the mechanical properties. The compressive strength and tensile strength of slag concrete increased by 9% and 3%, respectively, in comparison to those of control concrete. Similarly, the improvement of mechanical properties was observed in Sekaran et al. research [4] . Besides, EAF slag also performed as a good aggregate in high-performance concrete. Faleschini et al. [5] showed that high-performance concrete containing 100% EAF slag as the coarse aggregate had mechanical properties better than the reference concrete, including compressive strength, tensile strength, and elastic modulus. Review of the literature shows that EAF slag aggregate is eligible for use in concrete, but very few reports have studied roller-compacted concrete made with EAF slag aggregate. Roller-compacted concrete is a special concrete that is stiff and "no-slump". The application of roller-compacted concrete for pavements has rapidly increased in several decades because of its strength, durability, and cost efficiency. Because aggregate in a roller-compacted concrete pavement (RCCP) mixture comprises 75% of its volume, the substitution of traditional natural aggregate by EAF slag aggregate has become important for the development of sustainable infrastructure.
RCCP using EAF slag as coarse aggregate has produced pavement fulfilling strength requirements, as has been discussed previously [6] . Unlike natural aggregate replacement by EAF slag in conventional concrete and high-performance concrete, EAF slag as coarse aggregate substitute caused the decrease of RCCP strength (i.e., compressive strength and splitting tensile strength). The higher water absorption feature of EAF slag aggregate had a significant effect on the amount of water needed for the mixture, especially in low-water concrete such as RCCP. Therefore, the complement of water absorbed by EAF slag aggregate in RCCP is an effective solution for improving the strength.
Similar to asphalt pavement, RCCP is compacted with vibratory rollers to achieve a target density and homogeneous surface pavement. The timing of compaction is very important because of its effect on the density and strength of RCCP. Normally, RCCP should be compacted as soon as possible after its spreading. Furthermore, the time span between mixing (the timing of the addition of water in the mixture) and compaction of RCCP is usually within 45 to 90 min [7] . Moreover, some scholars have reported that there is an optimized compaction time. Karimpour [8] found that compacting the mixture at the optimized time resulted in the maximum compressive strength. In addition, the improvement of mechanical properties was observed in the RCCP mixture compacted at the optimized time [9] . The optimum time of compaction depended on materials, mixing design, and water-to-cement ratio in mixture.
In order to enhance RCCP strength, the aim of this study is to investigate the water absorption process of EAF slag aggregate. The water absorption function of EAF slag aggregate was used to propose a new mixing method for RCCP made with EAF slag aggregate. Futhermore, the effect of delay in compaction on the optimum moisture content and the mechanical properties of RCCP using EAF slag aggregate was assessed (i.e., compressive strength, ultrasonic pulse velocity, splitting tensile strength, and modulus of elasticity). In this work, the time span between mixing and compaction was 0, 15, 30, 60, and 90 min.
Testing Program

Materials
2.1.1. Cement Table 1 shows the chemical composition and physical characteristics of ordinary Portland cement (OPC) type I conforming to ASTM C150 used in this study [10] . 
Aggregates
Natural aggregate used in this study with the designed gradation as shown in Table 2 is crushed stone. EAF slag aggregate from Southern Vietnam with size in the range of 4.75-19 mm (Figure 1 ) reaching the requirements of ASTM C33 standard (Table 3 ) was used to replace natural aggregate in RCCP [11] [12] [13] [14] . After leaving in an environmental condition for several months as a treatment process to reduce the volume expansion [15] , the free CaO content of the EAF slag aggregate is less than 0.1% [6] . On the other hand, the expansion value of the EAF slag aggregate was 0.078%, which is lower than the limit value (0.5%) following ASTM D4792 [6, 16] . Consequently, the EAF slag aggregate in this study exhibited the required volume stability. 
Testing Approaches and Sample Preparation
This study is composed of three parts. In the first part, the water absorption process of the EAF slag aggregate was investigated. In the second part, the Proctor test determined the optimum moisture content of mixtures compacted at various time after mixing completion (i.e., 0, 15, 30, 60, and 90 min). In the third part, the effect of delay in compaction on the mechanical properties of RCCP using EAF slag aggregate at 28 days of age was examined.
The Water Absorption of EAF Slag Aggregate
Because of the higher water absorption characteristic, the relationship between water absorption of the EAF slag aggregate and immersion time was investigated to mitigate the effect of this feature on the water content of the RCCP mixture. Ten samples of the EAF slag aggregate were prepared in accordance with ASTM C127 standard [11] . All samples were dried in the oven to constant mass at a temperature of 110 ± 5 • C and cooled in air at room temperature for 2 h. Then, ten samples were immersed in water at room temperature for 5 min, 10 min, 15 min, 30 min, 60 min, 90 min, 2 h, 4 h, 8 h, and 24 h to determine the water absorption. Experiments were repeated five times to calculate the average value and the sample immersion times were changed after each test.
Mixing Proportion of RCCP
RCCP made of 100% EAF slag coarse aggregate (s-RCCP) and a reference RCCP made of 100% natural aggregate (r-RCCP) with 12% cement (Table 4) were subjected to the modified Proctor test (ASTM D1557) [17] after mixing completion at five levels of moisture content to determine the optimum moisture content of the mixture. According to ASTM D1557, the mixture is placed in five layers into the 6-in (152.4 mm) mold and compacted by 56 blows of a rammer per layer. After conducting the Proctor test, the density of mixture is determined to establish a relationship between the dry density and moisture content (the compaction curve). From the compaction curve, the optimum moisture content of the mixture was observed. Besides, four mixtures of r-RCCP and four mixtures of s-RCCP were subjected to delay in compaction of 15 min, 30 min, 60 min, and 90 min to evaluate the optimum moisture content of mixtures at various times of compaction. Note: Cement is fixed at 12% of total weight of cement and oven-dried aggregates.
Mechanical Properties of RCCP
Ten mixtures containing the optimum moisture content were prepared to make the specimens. The standard cylinder specimens with diameter of 150 mm and height of 300 mm were molded by using a vibrating hammer conforming to ASTM C1435 [18] . After 24 h of casting, all specimens were removed from the mold and cured in tap water at the temperature of 23 ± 2 • C until 28 days of age, to determine the mechanical properties of RCCP.
At 28 days of age, the measurement of ultrasonic pulse velocity transmitted from surface to surface of the cylinder specimen was conducted in accordance with ASTM C597 [19] . The pulse velocity is calculated by the transit time of the longitudinal stress wave through the sample received from the ultrasonic apparatus. Then, before the compressive strength testing conforming to ASTM C39 [20] , the cylinder specimens underwent a capping procedure to make a plane surface for sampling. For splitting tensile strength testing (ASTM C496), the load is applied along the length of a cylindrical specimen at a constant rate in the range of 100 to 200 psi/min (0.7 to 1.4 MPa/min) until failure occurs [21] . Finally, the modulus of elasticity of r-RCCP and s-RCCP samples was measured following ASTM 469 [22] . All experiments were conducted on groups of three specimens to obtain the average value. Table 5 shows the testing approaches and the quantity of samples in this study. 
Results and Discussion
The Relationship between Water Absorption of EAF Slag Aggregate and Immersion Time
The relationship between the water absorption ratio of the EAF slag aggregate and immersion time is shown in Figure 2 . It was observed that the water absorption of the EAF slag aggregate occurred quickly within the first 5 min, reaching 77.66% of the total water absorption. This behavior resulted from the water absorption of large pores in the EAF slag aggregate. After 5 min, the water absorption took place at small pores, leading to water absorption rate reduction. The water absorption ratio was 81.16%, 83.06%, and 86.86% after 10 min, 15 min, and 30 min, respectively ( Table 6 ). After that, the water absorption happened very slowly and reached 88.94% after 60 min. It can be seen that the water absorption of the EAF slag aggregate after 10 min of immersion comprised over 80% of the total water absorption. 
Mixing Proportion of RCCP
As discussion in Section 3.1, the EAF slag aggregate rapidly absorbed the water during the first 10 min of immersion. Therefore, a new mixing method of RCCP was designed in this study to mitigate the negative effect of the higher water absorption of the EAF slag aggregate on the mixing water dosage of the mixture. The new mixing method consists of two stages (Figure 3 ). In the first stage, 50% of the water dosage is mixed with aggregates within 10 min, in order to allow most of the large pores of the EAF slag aggregate to absorb water. The second mixing stage is 5 min, to create a homogeneous consistency of mixture. In this study, all RCCP mixtures were mixed following the new mixing method. After mixing completion, two mixtures (i.e., r-RCCP and s-RCCP) were compacted immediately, while eight mixtures were delayed in compaction for 15, 30, 60, and 90 min. The relationship between the dry density and moisture content of the RCCP mixtures was determined by Proctor testing results as listed in Table 7 . According to Table 7 , the optimum moisture content and maximum dry density of mixtures at various time of compaction were calculated, as listed in Table 8 . It can be seen that the optimum moisture of s-RCCP (7.99%) compacted immediately after mixing is higher than that of r-RCCP (6.93%). This behavior resulted from the higher water absorption feature of the EAF slag aggregate. Most of the large pores of the EAF slag aggregate quickly absorbed the water when the EAF slag aggregate contacted the water in the first stage of the mixing process (Figure 3) . From the optimum moisture content values, the total water needed for r-RCCP and s-RCCP were determined as 158 L/m 3 and 187 L/m 3 , respectively. Hence, the effective water can be estimated as 138 L/m 3 for r-RCCP and 146 L/m 3 for s-RCCP. Similar values for the effective water in RCCP have been found in a number of published works [23] [24] [25] . These values demonstrate that the new mixing method in this study helps complement the amount of water absorbed by the EAF slag aggregate. Furthermore, the increase of delay in compaction leads to the workability reduction of the mixture. Thus, the optimum moisture content of r-RCCP increases from 6.93% at 0 min to 8.04% at 90 min. Besides, the optimum moisture of s-RCCP increases slightly from 7.99% at 0 min to 8.14% at 90 min. The results stated that the workability reduction of the s-RCCP mixture is lower than that of r-RCCP, especially with 90 min of delay. This phenomenon may result from the water in the pore structure of the EAF slag aggregate being pushed out through compaction. As a result, the delay in compaction hardly affected the total water content of s-RCCP mixed by the new mixing method. On the other hand, the natural aggregate replacement by EAF slag leads to the increase of maximum dry density of s-RCCP because of the higher density of slag. The average maximum dry density of s-RCCP is 2381 kg/m 3 , an increase of 4% in comparison with that of r-RCCP (2282 kg/m 3 ). Similar to the optimum water content, the delay in compaction has almost no effect on the maximum dry density of RCCP mixtures. Figure 4 shows the 28-day-age compressive strength of r-RCCP and s-RCCP at various times of compaction. The compressive strength of r-RCCP is higher than that of s-RCCP at all compaction times. This may be a result of the bad quality of the interfacial transition zone between the EAF slag aggregate and cementitious matrix in low water concretes such as RCCP [6] . Moreover, the new mixing method in this study has enhanced the compressive strength of s-RCCP. For instance, s-RCCP compacted immediately after mixing by the new method obtained 43.54 MPa of compressive strength, whereas the compressive strength of s-RCCP reached 35.56 MPa in a previous research work [6] . As shown in Figure 4 , the compressive strengths of r-RCCP and s-RCCP attained the highest value (i.e., 51.46 and 43.54 MPa, respectively) with compaction immediately after mixing completion.
Compressive Strength of RCCP
Good workability of mixtures resulted in the effective compaction process. Increasing the delay led to a compressive strength reduction. The compressive strength of r-RCCP at 15 min decreased by 13%, and that of s-RCCP decreased by 16% in comparison to its compressive strength at 0 min. However, both of r-RCCP and s-RCCP showed slightly improved compressive strength after 15 min of delay. For instance, the compressive strength of r-RCCP reached 47.18 MPa at 30 min, while that of s-RCCP reached 42.64 MPa at 60 min. This behavior may result from the formation of ettringite of the hydrated cement process. The formation of ettringite filled up the pores in structure concrete [26] . Consequently, the compressive strength increased with the compaction process in this period. Nevertheless, when the mixture was compacted in the period of the formation of the Calcium-Silicate-Hydrate (C-S-H) phase, it resulted in the crystallized product being destroyed. As a result, for r-RCCP and s-RCCP mixtures compacted at 90 min, a decrease in compressive strength was observed.
Based on the results of this part, it is revealed that s-RCCP compacted at various times achieved compressive strengths in the range of 35 MPa to 45 MPa. This range of values is popularly found in many research works on RCCP [23, 24, 27, 28] . This result proved that s-RCCP can be delayed in compaction until 90 min while producing pavements fulfilling the strength requirement both in areas without freeze-thaw conditions (28 MPa) and in areas exposed to freeze-thaw conditions (31 MPa) [29] .
Ultrasonic Pulse Velocity (UPV) of RCCP
Similarly to conventional paving concrete, the pulse velocities for r-RCCP and s-RCCP in this study were in the range of 4500 m/s to 4900 m/s ( Figure 5 ) [30] . According to UPV values, both the r-RCCP and s-RCCP specimens with various times of compaction are classified as "excellent" quality (UPV > 4500 m/s) [31] . r-RCCP provided higher UPV values than s-RCCP due to the higher compressive strength of r-RCCP. Moreover, there was a good relationship between UPV and compressive strength values, as presented by a best-fit exponential formula ( Figure 6 ). Increasing UPV values accompanied the increase in compressive strength. In addition, the replacement of natural coarse aggregate in mixtures by EAF slag aggregate resulted in s-RCCP specimens with less uniformity than r-RCCP specimens. 
Splitting Tensile Strength of RCCP
The splitting tensile strength of RCCP samples compacted at various times at 28 days of age are shown in Figure 7 . r-RCCP attained the highest splitting tensile strength (4.81 MPa) with compaction immediately after mixing completion. Then, the delay in compaction led to the reduction of splitting tensile strength. Splitting tensile strength values of s-RCCP at 28 days of age at various times of compaction were in the range of 3.2 MPa to 4.6 MPa. This result is similar to that of conventional RCCP, which is generally between 3.1 MPa to 4.2 MPa [30] . In addition, it has been found that the splitting tensile strength of s-RCCP reached a peak (4.64 MPa) with compaction at 60 min. The rough texture characteristic of the EAF slag aggregate improved the splitting tensile strength of s-RCCP. Besides, the filling of the pores by ettringite may be the cause of the strength increase when there was a delay in compaction [32] . Furthermore, the splitting tensile strength and compressive strength ratio of s-RCCP that was compacted after 30 min of delay is about 10 percent. This result is higher than a typical 8 to 9 percent of splitting tensile strength and compressive strength ratio of ordinary concrete [26] . The improvement of the splitting tensile strength of the EAF aggregate is appreciated in RCCP due to the load distribution characteristics of a rigid pavement.
Elastic Modulus of RCCP
As can be seen from Figure 8 , the elastic modulus at 28 days of age of all RCCP mixtures in this study was in the range of 30 GPa to 36 GPa. This range of values is found to be similar to that of conventional RCCP provided by a number of former scholars [28, 33, 34] . Therefore, the delay in compaction slightly affected the elastic modulus of RCCP. Both r-RCCP and s-RCCP achieved the highest values of elastic modulus (36 GPa) with compaction at 15 min after mixing. The lowest elastic modulus of r-RCCP (31 GPa) was obtained in the sample compacted at 30 min, whereas that of s-RCCP (30 GPa) was obtained in the sample compacted immediately after mixing. According to the CEB-FIP Model Code (1990) [26] , the modulus of elasticity of concrete can be estimated from Equation (1):
where f c is the cylindrical compressive strength at 28 days of age (MPa) and the b coefficient is 2.15 × 10 4 for normal concrete. Based on the results and Equation (1), the b coefficient of r-RCCP is 2.00 × 10 4 and the b coefficient of s-RCCP is 2.09 × 10 4 (see Figure 9) . Hence, the elastic modulus of r-RCCP and s-RCCP can be predicted by the compressive strength of samples at 28 days of age. 
Conclusions
(1) The water absorption ratio of the EAF slag aggregate obtained over 80% of the total water absorption after 10 min of immersion in water. (2) The new mixing method has mitigated a negative effect of the high water absorption feature of the EAF slag on the water of s-RCCP. (3) The optimum water content of the s-RCCP mixture is higher than that of the r-RCCP mixture because of the higher water absorption of the EAF slag aggregate. Moreover, the optimum water content and maximum dry density of s-RCCP experiences almost no effect from the delay in compaction. The water content of the s-RCCP mixture mixed by the new method may maintain its workability for 90 min. (4) There was an improvement of s-RCCP compressive strength when the mixture was mixed by the new method. In addition, the compressive strength reached the highest value with compaction immediately after mixing. Increasing the delay in compaction led to a decline in the compressive strength of s-RCCP. However, 90 min of delay in compaction also produced s-RCCP fulfilling the strength requirement for pavements. (5) The rough texture of the EAF slag aggregate caused the improvement of s-RCCP splitting tensile strength. Besides, the occurrence of the highest splitting tensile strength value of s-RCCP when delay in compaction was 60 min may be a result of the filling of the pores with ettringite. (6) With UPV values > 4500 m/s, both the r-RCCP and s-RCCP specimens compacted at various times reached uniformity and "excellent" quality. (7) The elastic modulus of r-RCCP and s-RCCP at 28 days of age was hardly affected by the delay in compaction. The range of values (30-36 GPa) is similar to that of conventional paving concrete. Furthermore, the elastic modulus of r-RCCP and s-RCCP can be predicted by the compressive strength of samples at 28 days of age.
